RseP, an Escherichia coli S2P family intramembrane cleaving protease, is involved in regulation of the extracytoplasmic stress response and membrane quality control through specific cleavage of substrates. Recent research suggested that the PDZ domains and the MRE b-loop (membrane-reentrant bloop) are involved in substrate discrimination; the former would serve to prevent cleavage of substrates with a large periplasmic domain, whereas the latter would directly interact with the substrate's transmembrane segment and induce its conformational change. However, the mechanisms underlying specific substrate recognition and cleavage by RseP are not fully understood. Here, the roles of the N-terminal part of the first cytoplasmic loop region (C1N) of RseP that contains a highly conserved GFG motif were investigated. A Cys modifiability assay suggested that C1N is partly membrane-inserted like the MRE b-loop. Pro, but not Cys, substitutions in the GFG motif region compromised the proteolytic function of RseP, suggesting the importance of a higher order structure of this motif region. Several lines of evidence indicated that the GFG motif region directly interacts with the substrate and also aids the function of the MRE b-loop that participates in substrate recognition by RseP. These findings provide insights into the substrate recognition mechanisms of S2P proteases.
Introduction
Intramembrane-cleaving proteases (I-CLiPs) are a unique class of proteases that are thought to cleave substrate membrane proteins within the lipid bilayer (Ha, 2009; Wolfe, 2009; Hizukuri et al., 2013; Kroos and Akiyama, 2013; Urban, 2013) . I-CLiP-catalyzed substrate cleavage is often induced in response to specific signals and is thus called Regulated Intramembrane Proteolysis (RIP) (Brown et al., 2000) . I-CLiPs are found in all kingdoms of life and can be classified into several families, based on amino acid sequence homology and the residues involved in catalysis, including S2P proteases (zinc metalloproteinases), rhomboid proteases (serine proteases) and g-secretase/signal peptide peptidases (aspartyl proteases) (Ha, 2009; Wolfe, 2009; Urban, 2013) . Recent research revealed that these ICLiPs play important roles in a variety of biological processes, including lipid homeostasis, EGF signaling, Notch signaling, stress response and bacterial sporulation and virulence (Nakayama et al., 2011; Kroos and Akiyama, 2013; Rawson, 2013; Schneider and Glickman, 2013; Lastun et al., 2016) . I-CLiPs have been associated with several diseases such as Alzheimer's disease and Parkinson's disease (Walder et al., 2005; De Strooper et al., 2012; Song et al., 2015; Spinazzi and De Strooper, 2016) .
RseP, an Escherichia coli homolog of the S2P family proteases, is one of the best-characterized I-CLiPs (Hizukuri et al., 2013; Kroos and Akiyama, 2013) . RseP spans the membrane four times with both the N-and C-termini exposed to the periplasmic space ( Fig. 1A ) (Kanehara et al., 2001) . Among the four transmembrane (TM) segments, the first (TM1), second (TM2) and third (TM3) ones form the core domain that is conserved in the S2P family (Kinch et al., 2006; Feng et al., 2007) . TM1 and TM3 contain the HExxH and LDG motifs, respectively, that together constitute the proteolytic active site. The S2P family proteases are subdivided into four groups (Kinch et al., 2006) . RseP belongs to Group I S2P homologs whose members possess at least one PDZ domain in their extracytoplasmic region and have tandemly arranged PDZ domains in the periplasmic region between TM2 and TM3 (Inaba et al., 2008; Hizukuri et al., 2014) .
RseP mediates transmembrane signaling in the r transcription factor dedicated to this stress response, is sequestered to the membrane through interaction with the cytoplasmic domain of a Type II (N IN -C OUT ) membrane protein, RseA, under low stress conditions (De Las Peñas et al., 1997; Missiakas et al., 1997; Campbell et al., 2003) . Extracytoplasmic stresses such as periplasmic accumulation of malfolded outer membrane proteins and lipopolysaccharide intermediates induce truncation of RseA on the periplasmic side by membrane protease DegS (Walsh et al., 2003; Lima et al., 2013) . This first cleavage triggers the RseP-catalyzed second cleavage of RseA within its TM segment, leading to release of r E from the membrane and its final activation (Alba et al., 2002; Kanehara et al., 2002) . A recent study suggested that RseP also contributes to quality control of the inner membrane through clearance of signal peptide remnants (Saito et al., 2011) . Although RseP cleaves periplasmically truncated RseA generated by DegS-mediated proteolysis, it is not able to affect intact RseA (Akiyama et al., 2004; Inaba et al., 2008; Li et al., 2009) . Similarly, cleavage of signal peptides by RseP requires their release from secretory proteins (Saito et al., 2011) . These observations suggested that RseP discriminates between substrates and non-substrates. Our recent study showed that the periplasmic PDZ domains of RseP act as a size exclusion filter to prevent access of proteins having a large periplasmic domain to the membrane-embedded proteolytic active site of RseP (Kroos and Akiyama, 2013; Hizukuri et al., 2014) . However, the finding that not all the proteins whose periplasmic domains seem to be small enough to pass through the PDZ filter undergo proteolysis by RseP suggested the presence of additional mechanisms to discriminate substrates.
Structural analysis of mjS2P, an archaeal S2P homolog, showed that it has a b-hairpin-like-loop inserted from the cytoplasmic side into the membrane domain in the vicinity of the proteolytic active site (Feng et al., 2007) . This bhairpin-like-loop is conserved among Group I and III S2P homologs, including E. coli RseP and B. subtilis SpoIVFB (Zhang et al., 2013; Akiyama et al., 2015) . A study on SpoIVFB demonstrated that its b-hairpin-like-loop could be crosslinked with a substrate (Zhang et al., 2013) . We named this conserved region MRE b-loop (membranereentrant b-loop) and analyzed its function (Akiyama et al., 2015) . Systematic mutational analysis of the MRE b-loop suggested that a higher order structure of the MRE b-loop, not the primary sequence, is important for its function. Direct interaction between the distal part of the MRE b-loop and a substrate's TM region was demonstrated by co-immunoprecipitation and in vivo crosslinking experiments. MRE b-loop mutations differentially affected cleavage of different substrates. In addition, some helix destabilizing mutations in a substrate's TM A. Schematic representation of RseP. The C1N and the MRE bloop regions are boxed by dashed lines. The HExxH motif and LDG motif are shown by black and gray boxes respectively. B. Amino acid sequence conservation of the C1N region. A sequence logo was generated by WebLogo (http://weblogo. threeplusone.com/) using the amino acid sequences of the C1N region from 52 RseP homologs. Numbers indicate amino acid positions in E. coli RseP. The Gly and Phe residues of the GFG motif are indicated by downward triangles. C. Sequences around the GFG motif of S2P homologs. The HExxH motifs are underlined. Residues in the GFG motif are shown in bold. D. Schematic representations of the model substrates used in this study. RseA-and YqfG-derived regions are shown as white and gray rectangles respectively. region suppressed cleavage defects caused by the MRE b-loop mutations in an allele-specific manner. These results suggested that the MRE b-loop is involved in selective substrate binding and cleavage. On the basis of these and other observations, we proposed that the MRE b-loop specifically recognizes and interacts with a substrate's TM domain to induce the conformational transition from an a-helix to an extended b-strand and present it to the proteolytic active site (Akiyama et al., 2015) . According to this model, the MRE b-loop would contribute to substrate discrimination by RseP together with the PDZ filter. TM3 of RseP also directly interacts with substrates and might have some role in substrate recognition (Koide et al., 2008) . Although recent studies revealed the involvement of multiple factors in substrate recognition by RseP, it is still unclear whether they are sufficient for specific interaction with, and cleavage of, substrates by RseP.
In this study, we focused on the region named C1N that is located N-terminally to the MRE b-loop in the first cytoplasmic (C1) loop of RseP and analyzed its role in RseP functioning. Our results suggest that C1N is partially inserted into the membrane domain of RseP and the conserved GFG motif region in C1N plays an important role for substrate binding in RseP, together with the MRE b-loop. These findings move us closer to a complete understanding of the proteolytic function of RseP and have implications for many homologous proteins.
Results
The C1N region of RseP contains a conserved GFG motif Our previous study revealed that the conserved MRE bloop in the first cytoplasmic (C1) loop region of RseP plays a critical role in specific substrate recognition and cleavage (Akiyama et al., 2015) . Amino acid sequence analysis of the region N-terminal to the C1 loop (C1N) revealed the presence of several residues conserved among bacterial S2P homologs belonging to the Group I subfamily, which includes E. coli RseP and B. subtilis RasP (Fig. 1B,C; and Supporting Information Fig. S1 ). Notably, a GFG motif (G 43 FG for E. coli RseP) in this region is highly conserved, and human S2P (Group I subfamily) also has this motif in the corresponding cytoplasmic loop region (Fig. 1C) . These observations prompted us to examine possible roles of C1N and the GFG motif in RseP function.
C1N plays an important role in the proteolytic function of RseP
We systematically introduced amino acid substitutions into C1N of RseP-His 6 -Myc (RseP-HM), an RseP derivative with a C-terminally-attached His 6 -Myc (HM) bipartite tag, and investigated the protease activity of the mutant proteins in vivo. In this assay, each of the RseP mutants was co-expressed with a model substrate, HA-MBP-RseA148, in a DrseA/DrseP strain. HA-MBP-RseA148 is a derivative of physiological substrate RseA in which the cytoplasmic region of RseA has been replaced by a maltose-binding protein (MBP) domain with an N-terminal hemagglutinin (HA) tag and the periplasmic region has been truncated to mimic the DegS cleaved form of RseA (Fig. 1D) (Hizukuri and Akiyama, 2012) . When we previously conducted a mutational study of the MRE b-loop, RseP derivatives were highly overproduced as compared with the model substrate, which could have made it difficult to detect the effects of weak mutations (Akiyama et al., 2015) . We, thus, modified the assay system to reduce the expression level of the RseP derivatives relative to that of the model substrate and accordingly enable more sensitive detection of mutational effects (see "Experimental Procedures" for details). We first examined model substrate cleavage by the previously constructed RseP-HM derivatives having a Cys or Pro substitution in the MRE b-loop region (Akiyama et al., 2015) under the new assay conditions ( Fig. 2A , B, I61-E75) (Akiyama et al., 2015) . The Cys substitution mutants used in this and the following experiments were constructed by introducing a Cys residue into the Cys-less derivatives of the target proteins. While the results were essentially the same as those obtained in the previous study, in that most of the Cys substitutions had little effect on substrate cleavage but the Pro substitutions in the distal part of the MRE bloop (G67-V70) impaired it, the new experiments showed that several mutants (I61P, G68C, G67P and K71P) exhibited clearer defects in substrate cleavage as compared with the previous results, suggesting that the modified assay is more suitable for the detection of weaker mutation effects.
We then examined the effects of a Cys or Pro substitution in C1N ( Fig. 2A , B, G34-V60). Most of the C1N Cys substitution mutants showed a near-normal protease activity although F40C and G43C slightly decreased the substrate cleavage efficiency. In contrast, a Pro substitution severely affected substrate cleavage when introduced in and near the GFG motif (R39, F40, S41 and G43) and also into a position preceding the MRE b-loop (Y59). These mutations apparently did not disturb the overall structure of RseP drastically as the mutant proteins accumulated at levels similar to WT RseP. Consistent with the substrate cleavage assay data, the RseP derivatives having a Pro substitution at residue R39, F40, S41 or G43 failed to complement an RseP disruption mutation (Fig. 2C) . These results suggest that the GFG motif and its upstream region play an important role in the function of RseP. Since Pro substitutions are known to disrupt polypeptide structures and the Cys substitutions had little effect on RseP activity, the above results imply that some higher order structure rather than any particular amino acid sequence within the GFG motif region is essential for its function, as was also suggested for the MRE b-loop.
Intramolecular arrangement of the C1 region
Our previous finding that the MRE b-loop directly interacts with the RseA TM region, in conjunction with the positioning of the MRE b-loop-homologous region near the membrane-embedded active site in the crystal structure of mjS2P, strongly suggests that the MRE b-loop inserts into the membrane domain of RseP (Feng et al., 2007; Akiyama et al., 2015) . C1N, which is located adjacent to the MRE b-loop, might also interact with the membrane in a similar manner. To assess the structural arrangement of the C1 region, we probed the environment around it in membrane-integrated RseP by examining the accessibility of AMS, a membraneimpermeable thiol-alkylating reagent, to added Cys residues ( Fig. 3 and Supporting Information Fig. S2 ). We previously applied this assay procedure to an examination of the environment around the active site region of RseP and suggested that the active site region of RseP lies in the folded proteinaceous domain partially embedded in the membrane (Koide et al., 2007) , which was later supported by a structural study of mjS2P (Feng et al., 2007) .
We introduced Cys residues one at a time into several positions in the C1 and active site regions, including those in the active site motif (E23), the MRE b-loop (A62) and C1N (V37, F44, L55 and T57) (Fig. 3A, B) . Inverted membrane vesicles (IMVs) were prepared from cells expressing single Cys derivatives of RseP-HM and treated with AMS directly or in the presence of Triton X-100 (Tx), a non-ionic detergent, and/or guanidine hydrochloride (Gdn), a protein denaturant. Cys at E23C in the active site motif was largely refractory to AMSmodification in the absence of Tx or Gdn but was partially modified when AMS-modification was conducted in the presence of Tx or Gdn alone. In the presence of both Tx and Gdn, it was almost completely modified. These results are consistent with our previous data (Koide et al., 2007) and suggest that the active site region is membrane-embedded. The pattern of AMS modification of Cys at A62 in the MRE b-loop was largely similar to that of Cys at E23, suggesting that the MRE b-loop is located in a partially membraneembedded domain similar to the active site region, as proposed by the previous study (Akiyama et al., 2015) . We found that Cys at A62 showed significantly lower AMS-modifiability in the presence of Tx alone as compared with Cys at E23. This might indicate that A62 is more deeply embedded in a folded domain or it interacts with some other part of RseP. Cys at T57 in C1N exhibited AMS modifiability similar to Cys residues at E23 and A62. Secondary structure prediction suggests that T57 is located at the end of the proximal strand of the MRE b-loop. This residue might exist in the locally folded region associated with the membrane at the base of the MRE b-loop. Cys residues at V37 and F44 in C1N were AMS-modified partially in the absence of Tx and Gdn, and quantitatively in the presence of either or both of these reagents. These results indicate that either the membrane structure or domain folding can interfere with the AMS-modification of Cys residues at these positions. It is thus conceivable that these residues are A and B. AMS modification assays for selected residues in the C1 and active site regions. IMVs prepared from KK374 (DrseA/DrseP/DdegS) cells carrying a plasmid encoding an RseP-HM derivative that had a unique Cys at the indicated position were treated with AMS in the presence or absence of Triton X-100 (Tx) and/or guanidine hydrochloride (Gdn) as indicated. After quenching the AMS, proteins were precipitated with TCA, denatured in SDS, and further treated with malPEG to modify free thiols. The samples were then analyzed by 7.5% Laemmli SDS-PAGE and immunoblotting with anti-Myc antibody. Open and closed arrow heads indicate malPEG-modified and -unmodified RseP respectively. AMS modification (%) was calculated as the ratio of the malPEG-unmodified to total RseP-HM and graphically represented in B. C. Systematic AMS modification assay for the C1 region. The AMS modification assay was carried out by using the indicated mutant forms of RseP-HM. The results of AMS modification (%) in the presence or absence of Tx are shown graphically (See Supporting Information Fig. S2 for the immunoblotting results and the results of AMS modification in the presence of Tx plus Gdn). Two independent experiments were carried out and the mean values are shown with standard deviations.
RseP-substrate interaction 741 located in a shallowly membrane-inserted domain such that either membrane-solubilization or domain unfolding makes these residues accessible to AMS. Finally, L55 in C1N should be exposed to the aqueous environment because Cys at this position was efficiently AMSmodified by direct treatment of IMVs with AMS.
Next we systematically examined the AMS modifiability of Cys residues in C1N and the MRE b-loop in the presence or absence of Tx to probe association of these domains with the membrane. For the MRE b-loop region (I61-E75), most of the Cys residues at residues K71 to E75 were efficiently modified with AMS even in the absence of the detergent. In contrast, most of the Cys residues in the upstream region (I61-V70) required Tx treatment for efficient AMS modification, except for one at residue Y69. These results suggest that the I61-V70 region is inserted into the membrane while the K71-E75 region is exposed to the cytoplasmic side; this is consistent with the topology model of RseP (Koide et al., 2007; Akiyama et al., 2015) and our previous crosslinking results, which showed that the MRE b-loop region interacts with the TM regions of substrates. As in the case of the I61-V70 region, many of the Cys residues in C1N, including those in and near the GFG motif, received only limited AMS-modification in the absence of Tx, but they were quantitatively modified in its presence. These observations suggest that C1N is also at least partly inserted into the membrane. Note that some of the Cys residues were not completely modified with AMS even in the presence of Tx, but they were almost completely modified when AMS modification was conducted in the presence of Tx and Gdn (Supporting Information Fig. S-2 ), suggesting that local polypeptide folding around these positions interfered with AMS modification under the detergent-solubilized condition.
Functional correlation between the C1N region and the MRE b-loop
The above results raise the possibility that C1N is spatially positioned near the MRE b-loop in the RseP membrane domain and thus functions directly or indirectly with the MRE b-loop. We thus investigated whether C1N has a function related to that of the MRE b-loop (Fig. 4) . We first examined "genetic interaction" between these regions (Fig. 4A) . The G43A substitution in the GFG motif and the I61G, A62G, and L63G substitutions in the MRE b-loop had little effect on the cleavage of HA-MBP-RseA148 when each of these mutations was introduced singly. However, some combinations of the GFG and the MRE b-loop mutations (G43A/I61G and G43A/L63G) severely impaired the substrate cleavage. These double mutants accumulated at levels similar to WT RseP, indicating that the mutations did not exert their effect through destabilization of the proteins. The observed synergistic effects between the C1N and MRE b-loop mutations suggest a functional interaction between these regions.
We then investigated the possible involvement of C1N in substrate recognition (Fig. 4B) . We previously showed that helix-destabilization mutations such as I8P and L12P in the TM region of model substrate HA-MBPYqfG improved its cleavage by the MRE b-loop mutants of RseP, probably by promoting productive interaction A. Substrate cleavage by C1N/MRE b-loop double mutants. KA306 cells harboring pYH19 (HA-MBP-RseA148) and a plasmid encoding the indicated derivative of RseP-HM were grown and subjected to immunoblotting analysis as described in the legend to Fig. 2 . B. Suppression of the C1N mutations by helix-destabilizing mutations in the substrate's TM segment. KA306 cells harboring a combination of plasmids encoding the indicated RseP-HM and HA-MBP-YqfG mutants were grown and subjected to immunoblotting analysis as described in the legend to between the MRE b-loop and the substrate's TM region (Akiyama et al., 2015) . We have now found that helixdestabilization of the substrate's TM domain also improved substrate cleavage by the C1N mutants: although the cleavage of HA-MBP-YqfG was severely compromised by the mutations in the GFG motif region, I42P and F44P, it was significantly improved by the I8P and L12P mutations in the substrate's TM area, suggesting that mutational alterations of C1N can affect substrate recognition.
The GFG motif region directly interacts with a substrate
We then investigated whether C1N directly participates in interaction with a substrate (Fig. 5) . First, we carried out co-immunoprecipitation assays (Fig. 5A ). IMVs were prepared from DrseA/DrseP cells expressing HA-MBPRseA140 and the indicated RseP-HM derivative. After treatment of the membrane with n-dodecyl-b-D-maltoside (DDM), solubilized proteins were subjected to immunoprecipitation with agarose-conjugated anti-HA antibodies and analyzed by anti-HA and anti-Myc immunoblotting. In this experiment and the following crosslinking experiments, all the RseP derivatives carried the protease active site motif mutation (E23Q) to avoid substrate cleavage during the assays. As reported previously (Akiyama et al., 2015) , WT RseP-HM was coimmunoprecipitated with HA-MBP-RseA140, and a deletion (Dloop) of, or the I61P mutation in, the MRE b-loop greatly decreased the amount of co-isolated RseP-HM. The C1N mutations (I42P and G43P) decreased the coimmunoprecipitation efficiency to the same degree as the Dloop mutation (Fig. 5A) . These results suggest that the C1N mutations affect RseP-substrate interaction at least after membrane solubilization. While the I42P mutant has significant protease activity, it was only coisolated with the substrate at a low level. This protein, and some of the other apparently protease-active C1N mutants, would probably retain decreased but sufficient interaction with the substrate to allow substrate cleavage in a membrane-integrated state.
The involvement of C1N in RseP-substrate interaction was further investigated by two types of in vivo crosslinking experiments: site-directed photo-crosslinking and disulfide crosslinking. For photo-crosslinking (Fig. 5B) , pBPA, a non-natural photoreactive amino acid, was incorporated in and around the GFG motif (F40 to G45) in C1N by using evolved tRNA/aminoacyl tRNA synthetase-mediated amber suppression (Young et al., 2010) . We examined the crosslinking of plasmidexpressed, pBPA-containing RseP-HM with chromosomally encoded RseA in DompA/DompC/DrseP/rseA 1 cells, as the simultaneous deletion of the ompA and ompC genes enabled the disruption of rseP in an rseA 1 background (Douchin et al., 2006) . In this strain, cleavage of full length RseA by DegS results in accumulation of RseA148. Expression of pBPA-containing RseP-HM significantly decreased the accumulated levels of RseA148, indicating that these proteins are functional (Supporting Information Fig. S3 ). Upon UV-irradiation, an RseP-HM derivative having pBPA at residue Y69 in the MRE b-loop generated a cross-linked product of approximately 71 kDa that was detected by immunoblotting using anti-RseA antibody, as reported previously (Akiyama et al., 2015) . We found that RseP-HM derivatives having pBPA at residue F44 or G45 in the GFG motif also generated an anti-RseA-reactive band of a similar size in a UV irradiation-and pBPA-dependent manner, indicating that these bands represent RsePRseA crosslinked products [note that the cross-linked products could not be detected by anti-Myc immunoblotting probably due to high background signals caused by RseP-HM overproduction (Akiyama et al., 2015) ]. These results suggest that the GFG motif region can be located close to a substrate in vivo.
It is difficult, in the photo-crosslinking approach, to gain information on the site of crosslinking in a crosslinked partner protein, in this case RseA. We, thus, carried out disulfide cross-linking experiments (Fig. 5C ) in which formation of a disulfide bond between Cys residues introduced into defined sites of two proteins were examined. Cells expressing single Cys derivatives of RseP-HM and HA-RseA140 were treated with an oxidant, Cu 21 (phenanthroline) 3 , to induce disulfide bond formation, and total cellular proteins were analyzed by immunoblotting with anti-HA and anti-Myc antibodies. As reported before (Akiyama et al., 2015) , HARseA(A108C)140 having a unique Cys in the middle of the RseA TM region formed a disulfide cross-linked product with RseP(Y69C)-HM having a unique Cys at residue Y69 in the MRE b-loop (Fig. 5C , lanes 15 and 16). In contrast, no crosslinking was observed with RseP(G45C)-HM having a Cys at residue G45 in the GFG motif (lanes 7 and 8). These results suggest that the GFG motif can come close to another part of RseA. We indeed found that HA-RseA(A98C)140 having a Cys in the N-terminal part of the RseA TM segment can be disulfide-crosslinked with RseP(G45C)-HM (lanes 5 and 6). Interestingly, HA-RseA(A98C)140 was also crosslinkable with RseP(Y69C)-HM (lanes 13 and 14). We performed reciprocal immunoprecipitation/immunoblotting experiments to confirm that the cross-linked products were composed of RseP-HM and HA-RseA140 and were not multimers of the individual proteins (Supporting Information Fig. S4) ; the cross-linked products that were recovered by anti-HA immunoprecipitation reacted with anti-Myc antibodies, and conversely, those that were recovered by anti-Myc immunoprecipitation reacted with anti-HA antibodies. Taken together, the results of our crosslinking experiments strongly suggest that the GFG motif region of RseP can directly interact with a substrate.
To further characterize the interaction of C1N and the MRE b-loop with a substrate, we examined the effects of mutations (G43P in the GFG motif and I61P in the MRE b-loop) that weaken the RseP-RseA interaction ( Fig. 6 and Supporting Information Fig. S5 ). Crosslinking between C1N(G45C) and RseA TM(A98C) was almost abolished by the G43P mutation (Fig. 6A, lanes 7-12) , but it was little affected by the I61P mutation (Fig. 6A,  lanes 13-18) . In contrast, crosslinking between the MRE b-loop(Y69C) and the RseA TM(A98C) was greatly decreased both by the G43P mutation and by the I61P mutation (Fig. 6B, lanes 7-12 and 13-18 respectively) . These Pro mutations also interfered with crosslinking of the MRE b-loop(Y69C) to the RseA TM(A108C) (Fig.  6B, lanes 19-24) . These results suggest that the G43P mutation in the C1N region can affect substrate interaction of the MRE b-loop, whereas C1N can retain significant interaction with a substrate even when interaction between the MRE b-loop and a substrate is compromised by the I61P mutation in the MRE b-loop.
Discussion
E. coli RseP plays a key role in transmembrane signaling in the r E pathway of the extracytoplasmic stress response through regulated intramembrane proteolysis of membrane-bound anti-r E protein RseA (Hizukuri et al., 2013; Kroos and Akiyama, 2013) . Recent research also showed that RseP can degrade signal peptide remnants that were detached from secretory protein precursors during their membrane translocation, suggesting the involvement of RseP in membrane quality control (Saito et al., 2011) . To achieve these cellular functions, RseP must specifically recognize and cleave target proteins, but the underlying mechanisms still remain unclear. Here, we focused on the region named C1N in the first cytoplasmic loop of RseP and investigated its role. The C1N region, which is located A. Co-immunoprecipitation assays. IMVs prepared from KK211 (DrseA/DrseP) cells carrying pSTD881 (HA-MBP-RseA140) and a plasmid encoding the indicated derivative of RseP-HM were solubilized with DDM and subjected to immunoprecipitation with anti-HA antibody. The DDM-solubilized total membrane proteins (input) and the anti-HA precipitates were analyzed by 12.5% Laemmli SDS-PAGE and immunoblotting with anti-HA and anti-Myc antibodies. Proteins from approximately four-fold more cells were loaded on the gel for the immunoprecipitated samples compared with the input samples. B. In vivo photo-crosslinking. KA418 (DompA/DompC/DrseP) cells harboring pEVOL-pBpF and a plasmid encoding an RseP-HM derivative with an amber mutation at the indicated position were grown at 30˚C in M9-based medium containing 0.02% arabinose and 1 mM pBPA, and UV-irradiated. Proteins were analyzed by SDS-PAGE with a 10% wide range gel (Nacalai Tesque, Inc. Kyoto, Japan) and immunoblotting with anti-RseA antibody or by 10% Laemmle SDS-PAGE and immunoblotting with anti-Myc antibody. For the anti-Myc immunoblotting result, an image with increased contrast (contrast11) is also shown. RseA(FL) and RseA148 indicate the full-length form of RseA and the DegScleaved form of RseA respectively. XL indicates crosslinked products. C. Disulfide crosslinking experiments. AD1840 (DrseA/DrseP/DdegS) cells harboring a combination of plasmids encoding Cys-less or the indicated single Cys derivative of RseP-HM and HA-RseA140 were treated with an oxidant to induce disulfide-bond formation. Proteins were acid-precipitated and solubilized in SDS sample buffer without (no ME) or with (1ME) 2-mercaptoethanol. Samples were analyzed by 10% Laemmli SDS-PAGE and immunoblotting with anti-HA and anti-Myc antibodies. XL indicates disulfide-crosslinked products. Single asterisk indicates a possible dimer of HA-RseA140. Double asterisk indicates a possible dimer of RseP-HM. Single and double dots indicate an RseArelated unidentified band and an RseA-unrelated background band respectively. The amino acid sequence of the predicted RseA TM region is shown, with the RseP cleavage site indicated by a triangle. All the RseP-HM derivatives in A-C carried the E23Q mutation in the protease active site motif. We used the HA-RseA derivative truncated at residue 140 (instead of residue 148) to investigate C1N-substrate interaction by co-immunoprecipitation and disulfide crosslinking experiments, because we used HA-RseA140 to analyze the interaction between the MRE b-loop and a substrate in a previous study (Akiyama et al., 2015) , and use of the same substrate will make it easier to compare the current and previous results. A and B. Disulfide crosslinking experiments were carried out as described in the legend to Fig. 5 , by using AD1840 cells harboring a combination of plasmids encoding the indicated derivatives of RseP-HM and HA-RseA140. The results of the "no ME" samples are shown (see Supporting Information Fig. S5 for the results of the "1 ME" samples). XL indicates disulfide-crosslinked products. Asterisk indicates a possible dimer of HA-RseA140. Single and double dots indicate an RseA-related unidentified band and an RseA-unrelated background band respectively. All the RseP-HM derivatives carried the E23Q mutation.
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adjacent to the MRE b-loop region involved in specific substrate recognition, is conserved among Group I subfamily members of S2P homologs that possess a variable number of PDZ domains. A systematic mutagenesis study of C1N suggested that the conserved GFG motif region is important for the proteolytic function of RseP. Co-immunoprecipitation and in vivo crosslinking experiments strongly suggest that the GFG motif region directly interacts with the substrate. These results strongly suggest that binding of the substrate by C1N is required for efficient substrate cleavage. Several lines of evidence implicate functional cooperation between C1N and the MRE b-loop. For instance, some combinations of the mutations in C1N and the MRE b-loop severely impaired substrate proteolysis by RseP in a synergistic manner although these mutations were nearly silent when singly introduced. Also, crosslinking experiments suggested that the C1N mutation G43P compromised not only the substrate interaction of C1N itself but also that of the MRE b-loop. Suppression of defective substrate cleavage caused by the C1N mutations (I42P and F44P) by the helix destabilizing mutations in the substrate's TM helix likely reflects improved interaction between the MRE b-loop and the substrate's TM helix, although the substrate's TM helix destabilization may also facilitate the C1N-substrate interaction. These observations suggest that C1N is required for the MRE b-loop to interact normally with a substrate and that C1N might affect substrate recognition indirectly through the MRE b-loop. In contrast, the C1N-substrate interaction, as revealed by crosslinking, was apparently not affected very much by the MRE b-loop mutation (I61P) that strongly impaired substrate interaction in the MRE bloop, indicating that C1N may be able to interact with a substrate independent of the MRE b-loop. The C1N-substrate interaction alone seems not to be strong enough to stably retain an RseP-substrate complex under a membrane-solubilized condition as the I61P mutation greatly decreased co-immunoprecipitation efficiency between RseP and the model substrate.
Although the result that most of the Cys residues in C1N were almost quantitatively modified with AMS after membrane solubilization with Tx suggests that this region is membrane-inserted, the possibility cannot be formally ruled out that the observed detergentdependent AMS-modification of C1N can be ascribed to detergent-induced unfolding of C1N. However, we found that RseP binds a substrate and exhibits significant protease activity after detergent-solubilization (Akiyama et al., 2004; Inaba et al., 2008; Saito et al., 2011; Hizukuri and Akiyama, 2012) , indicating that detergents do not induce significant unfolding of RseP. Also, we found that Cys in the GFG motif region can form a disulfide bond with Cys at several positions in the N-terminal part of the hydrophobic TM region of RseA (Fig. 5 and data not shown). These observations support the notion that C1N is at least partially inserted into the membrane domain of RseP, like the MRE b-loop.
C1N and the MRE b-loop exist adjacently in the primary structure and both are at least partly membraneembedded as suggested by the AMS-accessibility of the single Cys derivatives of RseP-HM. It is thus likely that they interact with each other physically as well as functionally. The results of the AMS-accessibility assay showed that Cys at residues Y69 and K71, but not at residue V70, in the distal part of the MRE b-loop was significantly AMS-accessible even in the absence of membrane solubilization with the detergent, suggesting that these residues face the aqueous milieu in the membrane. This is completely consistent with our previous proposal that they are involved in direct contact with a substrate in the active site cavity. Cys at residue G45 in the GFG motif, which was crosslinked with a substrate, was also partly reactive with AMS in the membraneintegrated RseP, and thus this position could be exposed to an aqueous cavity as well. C1N contains several charged residues and has higher overall hydrophilicity than the MRE b-loop. In addition, Cys residues in C1N exhibited higher AMS-modifiability than those in the active site and the MRE b-loop, especially in the presence of the denaturant. It thus seems possible that C1N is less deeply membrane-embedded than the MRE b-loop. The observations that Cys at Y69 in the MRE bloop was crosslinked with Cys at A108 in RseA TM, but Cys at G45 in C1N was not, support this idea.
Zinc metallopeptidases generally have a b-sheet structure composed of more than three b-strands near the proteolytic active site (Gomis-Ruth et al., 2012) . The strand at the rim of this b-sheet, called the edge strand, directly binds a substrate by the b-strand addition mechanism. We previously proposed that the MRE b-loop of RseP forms a b-hairpin-like structure and the distal bstrand in the MRE b-loop acts as the edge strand (Akiyama et al., 2015) . In the crystal structure of mjS2P, the MRE b-loop forms a membrane-embedded b-sheet with two N-terminally-located b-strands (Feng et al., 2007) . RseP lacks a region corresponding to these Nterminal b-strands of mjS2P, but instead has the likely membrane-embedded C1N region that mjS2P does not have. A secondary structure prediction program (PSIPRED) suggests that C1N contains two b-strands with the GFG motif located between them (Supporting Information Fig. S1A ). It is conceivable that the predicted b strands in C1N form a b-sheet with the MRE bloop. Synergistic effects of the specific combinations of C1N and the MRE b-loop mutations (Fig. 4A ) and interference of substrate binding to the MRE b-loop by a C1N mutation (Fig. 6B ) could come from defective interaction between these regions caused by the respective mutations. This possibility awaits future verification by structural studies.
Our results suggest that the RseP C1 loop has two separate substrate-binding sites, one in C1N (GFG motif) and the other in the MRE b-loop. Then how do these binding sites act in the proteolytic functions of RseP? Several recent studies demonstrated that ICLiPs such as rhomboid protease and g-secretase possess an "exosite," a substrate-binding site separated from the active site (Kornilova et al., 2005; Strisovsky et al., 2009; Arutyunova et al., 2014; Cho et al., 2016; Fukumori and Steiner, 2016) . This might also be true for S2P proteases and C1N might act as an exosite for RseP. In this case, a substrate would be first bound to C1N and then transferred to the MRE b-loop for presentation to the active site where TM3 is also engaged in substrate binding (Koide et al., 2008) (Fig. 7) . In addition A. Overview of the process of RseP-catalyzed RseA cleavage. The periplasmic PDZ domains of RseP act as a size exclusion filter to prevent cleavage of intact RseA that binds RseB at the periplasmic domain. Extracytoplasmic stress cues activate DegS and induce dissociation of RseB from RseA, triggering the DegS-catalyzed first cleavage of RseA. The periplasmically truncated RseA (RseA148) is then presented to the RseP active site for proteolysis through binding/recognition by C1N and the MRE b-loop. B. Possible roles of C1N and the MRE b-loop in substrate binding/recognition. A substrate that has passed through the PDZ filter would first bind to the GFG motif region in C1N and then be transferred to the MRE b-loop (upper route). It is also possible that C1N and the MRE bloop simultaneously bind to a single substrate (lower route). Interaction between the MRE b-loop and a substrate may be flexible and able to change dynamically in the active site. While a TM segment of a substrate may assume an a-helical conformation in the membrane, the MRE b-loop would interact with and stabilize an extended conformation of the substrate TM region by the b-strand addition mechanism to present it to the active site for proteolysis. The MRE b-loop is believed to contribute to substrate recognition specificity, but it is not known if C1N has a direct role in substrate discrimination. It is also unclear what kind of conformations a substrate TM region might assume when it binds to C1N.
to the above possibility, it cannot be excluded that C1N and the MRE b-loop simultaneously bind to a single substrate at different sites (Fig. 7) . In either case, the multiple binding sites could serve to increase the overall affinity and specificity of RseP toward substrates and promote their specific proteolysis. It should be noted that previous chemical crosslinking experiments suggested that RseP can bind intact RseA (Kanehara et al., 2003) . Our previous results suggest that the MRE bloop is not involved in the binding of intact RseA (Akiyama et al., 2015) . It is an open question whether C1N directly or indirectly contributes to the binding of intact RseA.
The observation that Y69C in the MRE b-loop can be crosslinked to at least two different positions in the TM segment of RseA suggests a flexible nature for the RseP-substrate interaction, as suggested previously (Koide et al., 2008; Zhang et al., 2013) . Obviously structural analysis of the RseP-substrate complex will be needed to understand the molecular details of the interaction between RseP and a substrate. In addition, kinetic analysis using purified RseP and substrates in solubilized and reconstituted systems as conducted for other I-CLiPs (Strisovsky et al., 2009; Dickey et al., 2013; Kamp et al., 2015; Bolduc et al., 2016 , Tich a et al., 2017 will be useful for functional characterization of the two substrate-binding sites. Such analyses would provide an important basis to elucidate the mechanisms underlying specific substrate recognition and cleavage by RseP and other S2P proteases.
Experimental procedures
Media L medium (10 g l 21 Bacto Tryptone, 5 g l 21 yeast extract and 5 g l 21 NaCl; pH adjusted to 7.2 by using NaOH) and M9 medium (without CaCl 2 ) (Miller, 1972) were used for cultivation of E. coli cells. Ampicillin (50 lg ml 21 ), chloramphenicol (20 lg ml
21
) and/or spectinomycin (50 lg ml 21 ) were added for selecting transformants and for growing plasmid-harboring cells.
Strains and plasmids
Bacterial strains and plasmids used in this study are listed in Supporting Information Tables S1 and S2 .
Plasmids were constructed as follows. Plasmids encoding RseP-HM derivatives on pUC118 or pTYE007 were constructed by site-directed mutagenesis using appropriate combinations of a mutagentic primer and a template plasmid. pKA134 was constructed by site-directed mutagenesis using an appropriate primer and pKD126 as a template. pKA470 and pKA471 were constructed by cloning a 1.4 kb EcoRI-HindIII fragment of pMZ77 and pMZ65 into the same site of pYH20 respectively. pKA314 to 317, pKA321 to 324, pKA327 and pKA329 were constructed by cloning a 1.5-kb BamHI-SacI fragment of a pUC118-derivative encoding a corresponding mutant form of RseP-HM into the same site of pSTD689. pKA367 to 446 were constructed by cloning a 1.5-kb BamHI-SacI fragment of a pUC118-derivative encoding a corresponding mutant form of RseP-HM into the same site of pKA321. pKA472 to 474 and pKA486 to 488 were constructed by cloning a 1.5-kb BamHI-SacI fragment of a pUC118-derivative encoding a corresponding mutant form of RseP-HM into the same site of pKA322. pKA612 was constructed by cloning a 0.45-kb BsiWI-SacI fragment of pKA72 into the same site of pKA367. pKA568 was constructed by cloning a 1.5-kb KpnI fragment of pSTD892 into the same site of pKA314. pKA569 was constructed by cloning a 0.5-kb BsiWI-SacI fragment of pKA19 into the same site of pKA570. pKA570 to 611 were constructed by cloning a 0.5-kb BsiWI-SacI fragment of a pTYE007-derivative encoding a corresponding mutant form of RseP-HM into the same site of pKA568. pEB82 was constructed by cloning a PCR-amplified DNA fragment encoding YqfG into the SalI-PstI site of pSTD835.
Immunoblotting
Immunoblotting was carried out essentially as described previously (Taura et al., 1993) . Protein samples were separated by SDS-PAGE and electroblotted onto an Immobilon-P membrane filter (Millipore) using Transfer Buffer containing 24 mM Tris base, 192 mM glycine, and 20% methanol (Towbin et al., 1979) . After blocking with buffer (phosphate buffered saline (PBS) containing 5% skim milk, 0.1% polyoxyethylene sorbitan monolaurate (Tween 20) and 0.02% sodium azide) at 42˚C for 15 min, the filter was incubated with an appropriate antibody in the same buffer at room temperature overnight. The filter was then washed with Wash Buffer (PBS containing 0.1% Tween 20), and incubated with goat anti-mouse or anti-rabbit immunoglobulin G conjugated with horseradish peroxide in Wash Buffer at room temperature for 1 h. After washing of the filter with Wash Buffer, proteins reacted with secondary antibodies were visualized using ECL Western Blotting Detection Reagents (GE Healthcare) and Bio image analyzer LAS3000mini (Fujifilm). In the AMS-malPEG modification experiments described below, an Immobilon-P SQ membrane filter (Millipore) and Transfer Buffer containing 24 mM Tris base, 192 mM glycine, 10% methanol and 0.05% SDS were used.
In vivo protease activity assay
The protease activity assay was carried out as described previously (Akiyama et al., 2015; Hizukuri et al., 2017) with slight modifications. Briefly, KA306 cells harboring two plasmids encoding an RseP derivative and a model substrate, respectively, were grown at 30˚C in M9 medium containing 20 lg ml 21 each of the 20 amino acids, 2 lg ml 21 thiamine and 0.4% glucose for 3 h. Cells were then induced with 1 mM IPTG and 5 mM cAMP for 10 or 30 min at 30˚C. A portion of the culture was mixed with an equal volume of 10% trichloroacetic acid (TCA). Acid-precipitated proteins were collected by centrifugation, washed with acetone, and dissolved in 13 SDS sample buffer. Proteins were analyzed by 10% Laemmli-SDS-PAGE and immunoblotting using anti-HA (Y-11) and anti-Myc (9E10) antibodies (Santa Cruz Biotechnology).
AMS-malPEG modification assay
The AMS-malPEG modification assay was carried out essentially as described previously (Koide et al., 2007; Hizukuri et al., 2017) . Briefly, IMVs prepared from KK374 cells carrying a plasmid encoding a single-Cys derivative of RseP-HM were treated with 1 mM 4-acetamide-4 0 -maleimidylstilbene-2,2 0 -disulfonic acid (AMS; Molecular Probes) in the presence or absence of 1% Triton X-100 (Tx) or 1% Tx plus 4 M guanidine hydrochloride (Gdn) at 24˚C for 5 min. After incubation with 62.5 mM DTT for 18 min to quench AMS, proteins were precipitated with 5% TCA, washed with 5% TCA, washed again with acetone and solubilized in 100 mM Tris-HCl (pH 8.1) containing 1% SDS and 1 mM TCEP followed by incubation at 37˚C for 5 min. Samples were treated with 5 mM methoxypolyethylene glycol 5000 maleimide (malPEG; Fluka) at 37˚C for 30 min with vigorous shaking to modify free thiols. Samples were mixed with an equal volume of 23 SDS sample buffer and analyzed by 7.5% SDS-PAGE and anti-Myc (9E10) immunoblotting.
Co-immunoprecipitation assay
The co-immunoprecipitation assay was carried out as described previously (Akiyama et al., 2015) . Briefly, IMVs prepared from KK211 cells harboring pSTD881 and a plasmid encoding an RseP-HM derivative were solubilized by incubation with 1% DDM on ice for 1 h. After clarification by ultracentrifugation, the supernatant was incubated with agarose-conjugated mouse monoclonal anti-HA (F-7) antibody at 4˚C for 3.5 h with rotation. Immunocomplexes were collected, washed and suspended in 13 SDS sample buffer. Samples were analyzed by SDS-PAGE and immunoblotting using anti-HA (Y-11) and anti-Myc (A-14) antibodies.
Site-directed in vivo photo crosslinking experiment
The site-directed in vivo photo crosslinking experiment was carried out essentially as described previously (Akiyama et al., 2015; Miyazaki et al., 2016; Hizukuri et al., 2017) . Briefly, KA418 cells harboring pEVOL-pBpF and a plasmid encoding an RseP-HM derivative were grown at 30˚C in M9 medium containing 2 lg ml 21 thiamine, 0.02% arabinose, 0.4% glucose and 1 mM p-benzoyl-L-phenylalanine (pBPA; Bachem AG) until the early-or mid-log phase. A portion of culture was withdrawn and UV-irradiated for 10 min at 4˚C by using B-100 AP UV lamp (365 nm; UVP, LLC.) at a distance of 4 cm. Proteins were precipitated with 5% TCA, washed with acetone, and dissolved in 13 SDS sample buffer. Samples were analyzed by 10% Laemmli-SDS-PAGE and immunoblotting using anti-RseA and anti-Myc (9E10) antibodies.
Disulfide crosslinking experiment
The disulfide cross linking experiment was carried out as described previously (Akiyama et al., 2015; Hizukuri et al., 2017) . AD1840 cells harboring two plasmids encoding an RseP derivative and an HA-RseA140 derivative were used. Oxidization of sulfhydryl groups was induced by addition of 0.1 mM Cu 21 (phenanthroline) 3 followed by incubation at 37˚C for 5 min. After quenching the oxidant with 12.5 mM neocuproine, proteins were precipitated with 5% TCA, dissolved in buffer containing 100 mM Tris-HCl (pH 7.5), 1.5% SDS and 5 mM EDTA and divided into two portions. One portion was treated with N-ethylmaleimide (NEM) to block free thiol groups and mixed with 23 SDS sample buffer without 2-mercaptoethanol (no ME sample). The other portion received water instead of NEM and was mixed with 23 SDS sample buffer containing 2-mercaptoethanol (1 ME sample). Samples were heated at 98˚C for 5 min and analyzed by SDS-PAGE and immunoblotting using anti-HA (Y-11) or anti-Myc (9E10) antibody.
Characterization of disulfide-crosslinked products by immunoprecipitation and immunoblotting
Immunoprecipitation of disulfide-crosslinked products was carried out as follows. AD1840 cells harboring two plasmids encoding an RseP derivative and an HA-RseA140 derivative were used. Oxidization of sulfhydryl groups was induced by the addition of 0.1 mM Cu 21 (phenanthroline) 3 followed by incubation at 37˚C for 5 min. After quenching the oxidant with 12.5 mM neocuproine and blocking free thiol groups with 12.5 mM NEM, cells were washed with 50 mM Tris-HCl (pH 8.1), suspended in 50 mM Tris-HCl (pH 8.1) and sonically disrupted at 0˚C. After the removal of unbroken cells, samples were ultracentrifuged. The pellets were solubilized in buffer containing 50 mM Tris-HCl (pH 8.1), 1% SDS and 1 mM EDTA and diluted 33-fold with buffer containing 50 mM Tris-HCl (pH 8.1), 150 mM NaCl and 1% NP-40. After centrifugation, supernatants were incubated with agarose-conjugated anti-HA (F-7) or agarose-conjugated anti-Myc (9E10) antibodies at 4˚C for 3.5 h with rotation. Immunocomplexes were washed with buffer containing 50 mM Tris-HCl (pH 8.1), 150 mM NaCl, and 1% NP-40 twice and 50 mM Tris-HCl (pH 8.1) once, and dissolved in 13 SDS sample buffer. Samples were divided into two parts. One part was mixed with 10% 2-mercaptoethanol and the other was mixed with water, then both were heated at 98˚C for 5 min and analyzed by SDS-PAGE and immunoblotting using anti-HA (Y-11) or anti-Myc (A-14) antibody.
